Results. After adjusting for possible confounders, the eGFR change was inversely correlated with uric acid at baseline. In the multivariable analysis, the decline in eGFR was significantly more rapid in subjects with the slight increase in uric acid (males ≥5.7 mg/dL, females ≥4.4 mg/dL), and the risk for incidental renal insufficiency (eGFR <60 mL/min/1.73 m 2 ) was increased at uric acid of ≥6.3 mg/dL in males and ≥5.5 mg/dL in females, compared with the lowest quintile. The multiple linear regression analysis revealed that the effect of uric acid on eGFR changes was significant, especially in females, those with proteinuria and diabetes and those without alcohol consumption. Conclusion. This study showed that serum uric acid is independently associated with a more rapid decline of eGFR and incident renal insufficiency, and that a slight increase within the normal range of serum uric acid might be a risk for renal damage in the general population.
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I N T RO D U C T I O N
Recent studies have showed that hyperuricemia increases the risk for cardiovascular diseases [1] and mortality [2, 3] . Chronic kidney disease (CKD) is also a risk for cardiovascular events and premature death [4] , and the association between uric acid and kidney disease has been previously investigated in the literature [5] . An increase in uric acid was thought to be associated with an increased risk of incidental CKD [6] [7] [8] , and end-stage kidney disease (ESKD) [9] in the general population. However, studies have reported conflicting results. In the general population, increased uric acid levels were independently associated with ESKD in women but not men [10] . In patients with CKD, hyperuricemia was an incidental factor for all-cause and CVD mortality but not kidney failure [3] . In the elderly population, uric acid levels had a significant but weak association with the progression of kidney disease [11] . Furthermore, previous reports documented that a risk for ESKD was increased at different threshold values for men (≥7 mg/ dL) and women (≥6 mg/dL) [10] . Therefore, the association between an increase in serum uric acid and kidney disease is still unclear.
This inconsistency might be due to several reasons including small sample sizes, differences in the characteristics of the studied populations, the varying classification of serum uric acid levels (hyperuricemia ≥7 mg/dL, quartiles/quintiles and per the 1 mg/dL increase), the end points [incident CKD, estimated glomerular filtration rate (eGFR) <60 mL/min/1.73 m 2 ); glomerular filtration rate (GFR) decrease and ESKD] and the correction factors used in multivariate analyses. Furthermore, renal insufficiency itself decreases urinary excretion of uric acid, resulting in an increase in serum uric acid levels. This makes it difficult to determine whether hyperuricemia is the cause or result of renal damage. To address this issue, we accessed a nationwide large-scale database and prospectively examined the independent effect of uric acid on the change of renal function, using plural classifications of uric acid levels and end points, and subgroup analyses.
M AT E R I A L S A N D M E T H O D S

Study population
This study was part of an ongoing 'Research on design of the comprehensive health care system for CKD based on the individual risk assessment by Specific Health Checkup' study. The Specific Health Check and Guidance is an annual health checkup for all inhabitants between the ages of 40 and 74 and is covered by Japanese national health insurance. We utilized the nationwide database obtained from 16 prefectures (administrative regions), Hokkaido, Tochigi, Saitama, Chiba, Nagano, Niigata, Ishikawa, Fukui, Gifu, Hyogo, Tokushima, Fukuoka, Saga, Nagasaki, Kumamoto and Okinawa, in keeping with our study aims. We collected data from 87 750 men and 131 485 women (total 219 235, age range 40-74) who took part in the health checkups in both 2008 and 2010. The study was conducted according to the Declaration of Helsinki and was approved by the respective institutional ethics committees. The details of this study have been described elsewhere [12] .
Among the 219 235 participants, 53 388 were excluded from this study because the essential data, including serum uric acid and serum creatinine levels, were incomplete. Therefore, data from 66 289 males and 99 558 females (total 165 847, age range 40-74) were included in our statistical analyses. We examined the association between serum uric acid levels at baseline and 2-year change in renal function, as measured by the eGFR. In our analysis of the incidence of renal insufficiency, we used 141 514 subjects (54 152 males and 87 362 females) without renal insufficiency at baseline, after excluding 24 333 subjects who showed renal insufficiency at baseline.
Measurements
Subjects used a self-reporting questionnaire to document their medical history, current medications, smoking habits (smoker or non-smoker) and alcohol consumption (drinker or non-drinker). Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured by trained staff by using a standard sphygmomanometer or an automated device, with subjects in the sitting position for at least 5 min prior to measurement. Hypertension was defined as a SBP ≥140 mmHg or DBP ≥90 mmHg, or being on antihypertensive medication. Body mass index (BMI) was calculated as weight in kilograms (kg) divided by height (m 2 ). For both men and women, obesity was defined as BMI ≥25.0 kg/m 2 [13] . Plasma glucose levels were measured by using the hexokinase enzymatic reference method. Subjects with diabetes were identified either by a fasting plasma glucose concentration of ≥126 mg/dL, an HbA1c value of ≥6.5% or on antidiabetic medication. Triglyceride and low-density lipoprotein cholesterol (LDL-C) concentrations were measured by using enzymatic methods, and high-density lipoprotein cholesterol (HDL-C) concentration was measured directly. Dyslipidemia was defined as triglycerides ≥150 mg/dL, HDL-C <40 mg/dL, LDL-C ≥140 mg/dL or being on lipid-lowering medication. Serum uric acid was measured by using an enzymatic method, and hyperuricemia was defined as serum uric acid ≥7 mg/dL in males and ≥6 mg/dL in females, according to the previous report [10] .
Urinalysis was performed with a single spot urine specimen collected in the early morning after overnight fasting and measured by using a dipstick. The results of the urinalysis were recorded as negative (−), trace, 1+, 2+ and 3+. Positive proteinuria was defined as ≥1+. Serum creatinine was measured by using an enzymatic method, and the eGFR was obtained by using the Japanese equation [14] . According to the universal definition, CKD was defined as the presence of proteinuria and/ or renal insufficiency (eGFR <60 mL/min/1.73 m 2 ). Incidental renal insufficiency was defined as the new development of renal insufficiency at a 2-year follow-up examination among the subjects who had no renal insufficiency at baseline.
Statistical analysis
We divided the subjects into gender-specific quintiles [Q1: males (M) ≤4.9, females (F) ≤3. 2 -test was used to evaluate differences in proportions. To compare the mean values in the unadjusted model and regression coefficients in the adjusted model among the quintile groups, we used a one-factor analysis of variance (ANOVA) test and the least squares analyses. We adjusted for possible confounders that showed significant correlation across the quintiles of uric acid levels, such as age, gender, BMI, SBP, DBP, eGFR, HbA1c, triglyceride levels, LDL-C, HDL-C, smoking habits, alcohol consumption and proteinuria. Additionally, we performed post hoc analyses by using the Dunnett-Hsu test using the quintile with the lowest values as a reference. To examine the factors relating to the 2-year changes in eGFR, we performed a multivariate linear regression analysis and adjusted for the abovementioned confounding factors. To examine the factors related to incidental renal insufficiency, we performed a multivariate logistic regression analysis and adjusted for possible confounding factors such as age, gender, obesity, hypertension, diabetes, dyslipidemia, smoking habits, alcohol consumption, eGFR and proteinuria. Continuous data are expressed as the mean ± SD. All statistical analyses were performed by using JMP version 10 software (SAS Institute Inc., Cary, NC). A P-value of <0.05 was used to define statistical significance.
R E S U LT S
The mean age of the total subjects was 63.3 years, and the prevalence of obesity, hypertension, diabetes, dyslipidemia and hyperuricemia was 25.5, 44.3, 6.4, 55.1 and 12.0%, respectively. Subjects were divided into the quintiles (Q1-Q5) by their serum uric acid levels at baseline, and their baseline characteristics are described in Table 1 . Along with an increase in serum uric acid levels, the prevalence of alcohol drinkers, obesity, proteinuria, hypertension and dyslipidemia and the mean values of BMI, SBP, DBP, triglycerides and LDL-C increased significantly. In contrast, the mean values of eGFR and HDL-C significantly decreased. The correlation between these parameters and uric acid at baseline was similar in both males and females (data not shown).
First, we compared the changes seen at the 2-year followups in the eGFR among the quintiles at baseline. The ANOVA showed that the eGFR declined significantly more rapidly in subjects with low uric acid levels in the unadjusted model (P < 0.001) (Figure 1) . It is well known that factors such as gender, age and renal function affect serum uric acid levels; therefore, to avoid the confounding effect of such factors, we performed a least squares analysis with an adjustment for gender, age, baseline eGFR, BMI, SBP, DBP, eGFR, HbA1c, triglyceride, LDL-C, HDL-C, smoking habits, alcohol consumption and Table 1 . Baseline characteristics of the study population
Total subjects
Gender-specific quintiles of serum uric acid (mg/dL) proteinuria. The adjusted analysis showed that the change in eGFR observed at the 2-year follow-up was inversely correlated with serum uric acid levels at baseline (P < 0.001) and the decline was significantly more rapid in subjects with high uric acid (Q3-Q5: M ≥5.7 mg/dL, F ≥4.4 mg/dL), as compared with those with low uric acid levels (Q1: M ≤4.9 mg/dL, F ≤3.7 mg/dL) ( Figure 1 ). We performed a sensitivity analysis in the subjects without renal insufficiency at baseline. It showed similar results as presented in total population that the subjects with high uric acid at baseline showed a slow decline of eGFR in the unadjusted analysis and, in contrast, a faster decline of eGFR in the adjusted analysis (Supplementary Data, Figure S1 ). Furthermore, the adjusted analysis was performed in males and females separately, and it showed that the eGFR decline was significantly more rapid in subjects with high uric acid (Q3-Q5) in both males and females (Supplementary Data, Figure S2 ). Second, we evaluated the independent effect of the increase in serum uric acid per 1 mg/dL on the changes in renal function. In the unadjusted model of linear regression analysis, the uric acid levels at baseline were positively correlated with the changes in eGFR (regression coefficient of the 1 mg/dL increase of uric acid, 0.355; SE 0.019; P < 0.001). The baseline GFR shows a significant negative correlation with uric acid at baseline (regression coefficient −0.024, SE 0.001, P < 0.001) and GFR change (regression coefficient −0.237, SE 0.001, P < 0.001). Therefore, we performed a further analysis with the adjustment for baseline eGFR. It showed that the increase of serum uric acid was inversely correlated with change in eGFR (regression coefficient −0.362, SE 0.019, P < 0.001). In the multiple linear regression analysis fully adjusted for the confounders, the regression coefficient of the 1 mg/dL increase of uric acid was −0.213 (SE 0.023, P < 0.001). There was a significant interaction between uric acid and other baseline parameters such as gender, age, eGFR, BMI, triglycerides, HDL-C, presence of proteinuria and alcohol consumption (P < 0.05). The subgroup analyses, divided by the characteristics of the participants at baseline, showed that the effect of the increase in serum uric acid on eGFR was statistically significant in all subgroups except in males and was especially prominent in females, those with diabetes and proteinuria and those who did not drink alcohol (Figure 2) .
Third, we examined the association between uric acid and renal damage by using incidental renal insufficiency as the end point. We analyzed 141 514 subjects without renal insufficiency at baseline; the characteristics of these subjects were similar to those of the total population (Supplementary Data, Table S1 ). At the 2-year follow-up, there were 9169 cases (6.5%) of incidental renal insufficiency. The incidence of renal insufficiency increased along with the increase in uric acid levels at baseline (Q1: 4.2%, Q2: 5.2%, Q3: 6.5%, Q4: 7.8% and Q5: 9.6%, respectively, P < 0.001). In the multivariable logistic regression analysis adjusted for confounders (age, gender, obesity, hypertension, diabetes, dyslipidemia, smoking, alcohol consumption, eGFR and proteinuria), the odds ratio (OR) significantly increased along with the increase of uric acid [OR: 1.104, 95% confidence interval (CI): 1.024-1.191 in Q4, OR: 1.203, 95% CI: 1.115-1.299 in Q5, using Q1 as a reference] ( Table 2 ). The adjusted analysis was performed in males and females separately and revealed that the risk for incidental renal insufficiency was increased at uric acid of Q4-Q5 (≥6.3 mg/dL) in males and Q5 (≥5.5 mg/dL) in females, compared with the lowest quintile Q1 (Table 3 ). The OR for hyperuricemia and the 1 mg/dL increase in serum uric acid for incidental renal insufficiency were 1.117 (95% CI: 1.051-1.187) and 1.056 (95% CI: 1.035-1.078), respectively, after adjustment for confounders (Table 2) .
D I S C U S S I O N
In this longitudinal nationwide cohort study, our results showed that an increase in serum uric acid levels is independently associated with a more rapid decline in eGFR and incidental renal insufficiency and showed that a slight increase within the normal range of serum uric acid levels might be a risk for renal damage in the general population. Furthermore, the association between uric acid and a decline in renal 
O R I G I N A L A R T I C L E
U r i c a c i d a n d d e c l i n e i n r e n a l f u n c t i o n function could be modulated by the characteristics of the studied population.
Previous studies showed conflicting results on the association between uric acid levels and kidney disease, and this could be due to the insufficient statistical power resulting from a small sample size, the difference in characteristics of subjects and the analytical methods used [5] . In this study, we had a very large sample size to allow for subgroup
The 2-year change in eGFR by the 1 mg/dL increase of serum uric acid at baseline. eGFR, estimated glomerular filtration rate. Adjusted for gender, age, BMI, SBP, DBP, eGFR, HbA1c, triglyceride, LDL-C, HDL-C, smoking, alcohol consumption and proteinuria. Mean ± SE. analyses with sufficient statistical power, different classifications of uric acid levels (hyperuricemia, quintiles and the 1 mg/dL increase in uric acid), to include various correction factors and end points (GFR decrease and incidental renal insufficiency). Therefore, the findings obtained in this study appear to be robust. Our study showed that the decline of renal function was significantly more rapid with the increased uric acid levels (≥5.7 mg/dL in males and ≥4.4 mg/dL in females), and the OR for incidental renal insufficiency was significantly increased with uric acid levels of ≥6.3 mg/dL in males and ≥5.5 mg/dL in females. This indicates that a slight increase within the normal range of serum uric acid might be a risk for renal function deterioration. This is consistent with the previous observation that cardiovascular mortality in females increases with serum uric acid levels of ≥5.5 mg/dL [1] . Together with previous observations, our finding suggests that the risk for reduced renal function might increase with increased serum uric acid levels, even within the normal range.
Although it is difficult to explain the mechanism of how uric acid causes renal function deterioration, a series of experimental studies provide a possible assumption that mild elevation of uric acid induces oxidative stress and endothelial dysfunction, resulting in the development of glomerular hypertension and arteriolosclerosis [15] . This assumption is supported by the clinical observations that uric acid levels are associated with renal arteriolopathy in biopsy specimens [16] and that an increase of uric acid (≥7 mg/dL for men, ≥6 mg/dL for women) was independent predictor for the development of albuminuria in a community-based population [17] .
There was an interaction between uric acid and several clinical parameters such as eGFR, gender, age, BMI, triglycerides, HDL-C, presence of proteinuria and alcohol consumption. This indicates that the characteristics of the studied population might modulate the association between uric acid levels and renal changes. Its effect seems to be stronger in females, those with diabetes and proteinuria and those who do not drink alcohol. In females, serum uric acid levels are lower than males, because of estrogenic compounds that enhance the renal urate excretion [18] , and after menopause serum uric acid is increased [19] , suggesting an important role of estrogenic hormones in the regulation of uric acid. The estrogenic compounds are also known to have a vascular protective property. Therefore, it is speculated that the increase in uric acid in females is induced by the combination of the decrease of the protective estrogenic compounds and the overproduction of uric acid. This might enhance the effect of uric acid on renal function in females. Hyperuricemia increases intraglomerular pressure [20] and urinary albumin excretion [21] . Diabetes also develops glomerular hypertension and albuminuria, and massive proteinuria is a risk for ESKD [22] . Therefore, it is speculated that hyperuricemia and diabetes synergistically promote kidney injury by inducing glomerular hypertension and proteinuria. Several studies disclosed that regular light-to-moderate drinking appears to protect against incident hypertension and cardiovascular events [23] . Such protective effect of alcohol consumption might attenuate the aggravating effect of uric acid on renal function. The precise mechanism of how these factors interact with uric acid warrants a further research.
Interestingly, there was a positive association between uric acid levels and the change in eGFR in the unadjusted model that became inverse in the eGFR-and multivariate-adjusted models. A significant interaction between uric acid levels and renal function was detected. The baseline GFR was reported to be negatively correlated with GFR changes in the diabetic population [24] . Similarly, in this study, the baseline GFR shows a significant negative correlation with uric acid at baseline and GFR change. This indicates that subjects with high eGFR at baseline is likely to show a low uric acid at baseline and a rapid decline of eGFR. This observation suggests that eGFR at baseline should be regarded as a confounding factor to evaluate the independent effect of uric acid on renal function. Some previous studies did not include baseline eGFR in their multivariate-adjusted models, which may explain the conflicting results observed.
The increase in uric acid was associated with a slow decline of eGFR, but a high incidence of renal insufficiency in the unadjusted model. One of the possible explanations for these contrasting results between the eGFR change and incident renal insufficiency is the difference in baseline eGFR among the quartiles. The subjects with high uric acid are likely to show low eGFR at baseline and to fall into a category of renal insufficiency with a small decline of eGFR. On the other hand, the subjects with low uric acid are likely to show high eGFR at baseline and not to develop renal insufficiency even with a relatively large decline of eGFR.
The strength of this study is the large number of nationwide samples that were prospectively followed. This adds reliability to our results, even in the subgroup analyses. However, this study has several limitations. First, the serum uric acid levels were measured only at the baseline. Therefore, the changes in serum uric acid levels during the follow-up period that might have an independent effect on renal outcome [25] were not evaluated. Second, the eGFR was evaluated only twice (at baseline and 2 years). These parameters are known to show dayto-day variations. Measuring them twice only might, therefore, underestimate the association between uric acid levels and renal outcomes. Third, renal function was estimated by using the Japanese equation for eGFR, not inulin clearance. Fourth, we have no information on uric acid-lowering medication use in this population.
In conclusion, our study showed that serum uric acid levels are an independent factor for a more rapid decline in renal function in a community-based population and that a slight increase in uric acid levels within the normal range might be a risk for a decline in renal function. To understand the effect of serum uric acid levels on the progression of renal disease, clinical trials of uric acid-lowering therapy are required.
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